INTRODUCTION 63
Electrical activity in the nervous system can elicit rapid changes in 64 intracellular and extracellular H + , and alterations in both compartments can have 65 major influences on neuronal activity (Chesler, 2003) . Increases in extracellular 66 H + depress synaptic transmission from photoreceptors to second-order neurons 67 by binding to calcium channels on the photoreceptor synaptic terminal, altering 68 the voltage activation threshold and the peak conductance of calcium channels 69 and thereby reducing the influx of calcium and the amount of photoreceptor 70 neurotransmitter released (Barnes et al., 1993) . The potent effect that changes 71
in extracellular H + have on retinal signaling have led to the hypothesis that 72 horizontal cells may induce lateral feedback inhibition by raising extracellular H + 73 levels with subsequent reduction of neurotransmitter release from photoreceptors 74 (for review Hirasawa et al., 2012 ; Thoreson and Mangel, 2012) . 75 76 Attempts to test this hypothesis by measuring extracellular H + changes 77 adjacent to the extracellular surface of horizontal cells using the pH-sensitive dye 78
HAF have proven to be problematic in past studies. Confocal microscopy 79 revealed that HAF distribution in dissociated horizontal cells treated with the 80 standard dye application protocol was not localized exclusively to the 81 extracellular surface of cells as previously assumed, but rather was present 82 throughout the intracellular compartment (Jacoby et al., 2012) . HAF loading 83 within the intracellular compartment led to the conclusion that the acidification 84 observed in previous HAF studies was intracellular, rather than extracellular, in 85 origin (Jouhou et al., 2007; Jacoby et al., 2012) . 86 87
In the present work, conditions were sought to restrict HAF to the plasma 88 membrane, allowing it to be effectively used to monitor changes in extracellular 89 H + concentrations adjacent to the membrane of isolated horizontal cells. The 90 concentration and the exposure time of HAF staining solutions were varied and 91 the subsequent distribution of dye in isolated catfish cone-driven horizontal cells 92 was explored using confocal microscopy. Reducing the concentration and time 93 of exposure to HAF significantly enhanced staining associated with the plasma 94 membrane compared to staining levels within the intracellular compartment. 95
Epifluorescent imaging of cells displaying primarily membrane-associated 96 fluorescence revealed that glutamate and the ionotropic glutamate receptor 97 agonist, kainate, produced a change in HAF fluorescence consistent with an 98 extracellular alkalinization. The glutamate and kainate-induced alkalinizations 99 are consistent with previous findings obtained using extracellular self-referencing 100 H + -selective microelectrodes that also report an extracellular alkalinization upon 101 glutamatergic stimulation of horizontal cells. The spatial distribution of the 102 kainate-induced changes in extracellular H + was also examined, revealing an 103 overall global alkalinization around the cell with no obvious smaller centers of 104 acidification. Interpretation of these findings leads to the conclusion that, with 105 appropriate labeling conditions, the H + -sensitive dye HAF can be used 106 successfully to measure alterations in extracellular pH and that these 107 All experiments were performed using protocols approved by the 119 Institutional Animal Care and Use Committee (IACUC) and Animal Care 120 Calibration was performed on live cells using the optimized staining 210 protocol (500 nM HAF at 18ºC for 10 minutes) and full fluid exchange of solutions 211 of known pH values were applied to the dish. The emitted fluorescence ratio was 212 acquired to determine the relative sensitivity and polarity of HAF to incremental 213 increases in H + . Epifluorescent imaging of a central portion of the cell soma (~20 214 μm diameter) was selected as the region of interest and the ratio of images (488 215 nm / 440 nm) was plotted. Incremental increases in pH of the extracellular bath 216 solution resulted in a stepwise increase in the fluorescent ratio ( Figure 3) . indicating that the level of intracellular staining was similar to that of the 249 membrane (Figure 2A,B ). In early experiments, it was noted that incubating cells 250 at 4ºC followed by a warming period to room temperature when dishes were 251 removed from the refrigerator led to increased intracellular levels of HAF. 252 Therefore, to maximize membrane-associated HAF and minimize intracellular 253 infiltration, all subsequent staining protocols were performed at 18ºC. As the 254 concentration of HAF and incubation time were decreased to 2.5 μM for 10 255 minutes, the level of intracellular fluorescence was reduced and fluorescence 256 near the cell membrane became more prominent ( Figure 1B ). In these 257 conditions the ratio of intracellular staining over membrane associated staining 258 averaged 0.44 ± .03 in 6 cells, a statistically significant difference (Figures 2A,B) . 259
As the concentration was further diminished to 500 nM HAF for 10 minutes, 260 plasma membrane-associated HAF was maximized and intracellular infiltration 261 was minimized ( Figure 1C ). In 16 cells exposed to that staining protocol, the 262 ratio of intracellular fluorescence over membrane-associated fluorescence 263 decreased significantly to 0.11 ± .01, illustrating a high level of staining at the 264 membrane of the cell compared to the intracellular space (Figures 2A,B ). This intracellular calcium. Figure 4A shows an example of the change in intracellular 304 calcium observed upon application of a 10 second puff of 50 μM kainate; a robust 305 increase in intracellular calcium was observed. In 8 cells, there was an average 306 increase in fluorescence of 0.20 ± 0.02 ΔF/F (left column in Figure 4B ; all 307 imaging results in this manuscript were normalized to pre-stimulus fluorescence). 308
Additionally, a 10 second puff of 300 μM glutamate also produced a calcium rise 309 in isolated horizontal cells; in 8 cells an average increase in fluorescence of 310 0.053 ± 0.002 ΔF/F (center column in Figure 4B ). The response to glutamate is, 311 as expected, significantly smaller than that induced by kainate, likely due to the 312 rapid desensitization of the glutamate receptors that occurs with glutamate, but 313 not kainate, as the agonist (cf. Kreitzer et al., 2009 ). Also as expected, the 314 increase in intracellular calcium initiated upon glutamate receptor activation by 315 kainate was readily and consistently blocked with the AMPA/kainate receptor 316 antagonist CNQX. The right column in Figure 4B shows the results from 10 cells 317 stained with Oregon Green and challenged with 50 μM kainate with 75 μM CNQX 318 present in both the application pipette and the bath; no change in Oregon Green 319 fluorescence was observed in cells when challenged with kainate in the presence 320 of CNQX (-0.00002 ± 0.002 ΔF/F). These experiments allowed for verification of 321 successful drug delivery to the cell of interest with the pressure injection puff 322 system and confirmed the ability of CNQX to block a kainate-mediated rise in 323 intracellular calcium. HAF fluorescence was then examined in cells in which membrane-346 associated HAF was significantly enhanced relative to intracellular HAF staining. 347
Images of isolated horizontal cells treated with the revised HAF staining protocol 348 (500 nM HAF for 10 minutes at 18ºC), which led to enhanced membrane-349 associated HAF compared to intracellular HAF, were acquired using 350 epifluorescent imaging. Figure indicative of an extracellular alkalinization. In 11 cells, there was an average 361 normalized increase in fluorescence of 0.054 ± 0.003 ΔF/F ( Figure 5C ). On no 362 occasion in the 11 cells examined was a decrease in the fluorescent ratio 363 (acidification) observed in cells stained at 500 nM HAF for 10 minutes. 364
Furthermore, a 10 second puff of 300 μM glutamate also produced an 365 alkalinization in isolated horizontal cells stained with the revised HAF staining 366 protocol; in 7 cells an average increase in fluorescence ratio of 0.029 ± 0.002 367 ΔF/F ( Figure 5C ). The alkalinization, while clearly present, was significantly 368 smaller than that induced by kainate, again likely due to the desensitization of the 369 glutamate receptors when glutamate is the agonist, but not when kainate is 370 employed to stimulate the cells. 371
The alkalinization response was blocked when 75 μM CNQX was present 372 in both the bath solution and with kainate in the microinjection pipette. In 6 cells 373 analyzed, an average normalized fluorescence change in the presence of CNQX 374 was 0.002 ± 0.001 ΔF/F, significantly different than the response obtained in the 375 control condition. The extracellular alkalinization was also significantly reduced 376 by the L-type voltage-gated calcium channel antagonist nifedipine; 7 cells yielded 377 no significant change in the fluorescent ratio (0.004 ± 0.002 ΔF/F) in the 378 presence of 100 μM nifedipine. The extracellular alkalinization was also 379 significantly reduced by 100 μM lanthanum, a compound reported to block PMCA 380 activity (Schatzmann et al., 1986; Herscher and Rega, 1997) . In 7 cells bathed in 381 lanthanum, the average change in fluorescence of cells stimulated with the 382 kainate puff solution was 0.002 ± 0.002 ΔF/F ( Figure 5C ). All of these agents 383 have also been shown to block the extracellular alkalinization previously detected (~20 μm diameter). Figure 6B (gray traces) shows the alterations in fluorescence 407 measured at the six puncta labeled with arrowheads in the cell in Figure 6A The spatial analysis of the alkalinization was then broadened to address 419 all of the pixels associated with a given cell. The pre-stimulus ratio of HAF 420 fluorescence prior to application of kainate was first normalized so that each pixel 421 was assigned a value of 1 ( Figure 6C ). Alterations in the 488/440 fluorescence 422 ratio were examined at each pixel during the peak of the alkaline response 423 induced by kainate. The results are shown in Figure 6D The lack of such a response suggests strongly that most of the HAF is likely to 481 be in the external leaflet of the plasma membrane and face the extracellular 482
solution. 483
The extracellular alkalinization detected from horizontal cells has been 484 hypothesized to result from activation of a plasmalemma Ca 2+ /H + ATPase 485 antiporter (PMCA). According to this hypothesis, glutamatergic activation of 486 horizontal cells depolarizes the cells, leading to the influx of a significant amount 487 of calcium, largely through voltage-gated channels. The calcium is then extruded 488 from the cell by the PMCA, which draws in protons from the extracellular solution 489
into the cell, leading to an extracellular alkalinization and intracellular 490 acidification. Previous studies using self-referencing H + -selective electrodes 491 strongly support a calcium-dependent mechanism in the alterations in 492 extracellular HAF labeling protocol we have developed has enabled us to 584 examine the spatial distribution of changes in extracellular H + and probe for the 585 existence of pH-regulatory microdomains on the surface of isolated horizontal 586 cells in a manner that would be difficult to achieve using self-referencing H + -587 selective microelectrodes. In experiments presented here, small punctate 588 regions of high intensity HAF fluorescence were observed on the outer periphery 589 of many cells. Analysis of these puncta did not reveal selective pH changes 590 differing from that detected in the central soma. Moreover, an analysis of the 591 spatial changes in HAF fluorescence pixel by pixel did not reveal any points 592 which were associated with an acidification following challenge with kainate. It is 593 possible that pH-regulatory microdomains exist on horizontal cells in the intact 594 retina, but our data examining HAF fluorescence changes in isolated retinal 595 horizontal cells provide no support for this contention. 596
We believe that our data are more parsimoniously interpreted as indicating 597 that depolarization of horizontal cells leads to extracellular alkalinization 598 mechanisms that could potentially act to relieve the H + block of calcium channels 616 and sensitize the synapses for further release of glutamate. We speculate that 617 PMCA-mediated relief of proton inhibition may be a common feature of synaptic 618 signaling throughout the central nervous system to re-sensitize synapses for 619 further release of neurotransmitter. 620
In summary, we have shown that with appropriate alterations in staining 621 protocol, the H + -sensitive dye HAF can be associated primarily to the plasma 622 membrane of retinal horizontal cells, and that alterations of HAF fluorescence 623 now report an alkalinization, which we interpret as a reduction in extracellular 624 
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